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Abstract. The mechanical properties of microfilament networks are systematically summarized at 10 
different special scales in this paper. We have presented the mechanical models of single 11 
microfilaments and microfilament networks at microscale. By adopting a coarse-grained simulation 12 
strategy, the mechanical stability of microfilaments related cellular structures are analysed. 13 
Structural analysis is conducted to microfilament networks to understand the stress relaxation under 14 
compression. The nanoscale molecular mechanisms of the microfilaments deformation is also 15 
summarized from the viewpoint of molecular dynamics simulation. This paper provides the 16 
fundaments of multiscale modelling framework for the mechanical behaviours simulation of 17 
hierarchical microfilament networks.  18 
Introduction 19 
Cytoskeleton is the structural fundament for an eukaryotic cell to resist deformation due to external 20 
loadings [1]. Microfilament, intermediate filament and microtubule are three principal cytoskeleton 21 
components [2]. Among these three cytoskeleton components, microfilament is discovered in non-22 
muscle cells, which indicates that the mechanical behaviours of microfilament networks may 23 
regulate cellular change and force generation in cell migration and division [3]. Microfilament also 24 
mechanically drives the process of cellular motility by assembling and disassembling, which proves 25 
the essential role microfilament plays in cellular process including embryonic development, wound 26 
healing, immune response, and tissue development [4]. As the principal component of 27 
microfilaments, actin filament‘s mechanical properties should be focused to understand 28 
microfilament’s mechanical performance.  29 
Back into 1990s,the Micro-needle array technique and the laser trap method were used to measure 30 
the mechanical properties of a single actin filament, both tensile modulus and torsion rigidity of 31 
single actin filament were tested [5]. Dupuis, et al,  tested the tensile stiffness of actin filament from 32 
chicken pectoral muscle cells, and estimated the bending rigidity based on continuum mechanics 33 
theory [6]. Liu and Pollack used micro-fabricated cantilevers to characterized actin filament’s 34 
tensile behaviour directly, and discovered that the tensile deformation is proportional to the force 35 
applied when the loading is below physiological limit [7], which indicates the importance of 36 
Young’s modulus to actin filament’s mechanical performance in living cells. Analytical 37 
characterization is needed to assist single actin filament’s entire conditional Young’s modulus 38 
evaluation, which will also significantly reduce the cost of experimental testing.  39 
In association to the mechanics of a single actin filament, the mechanical response of a complex 40 
microfilament networks is also critical to the mechanical performances of a whole living cells, 41 
especially in various dynamic cellular activities[8, 9]. Complex mechanical responses of 42 
microfilament networks were discovered during last few decades, making it difficult to find proper 43 
continuum mechanics models to represent the behaviours of this semiflexible biological gel like 44 
 
 
 
material[10]. Therefore, the mechanics of microfilament networks in living cells needs to be 1 
investigated by considering the properties of both actin material and networks structures[11].  2 
From the viewpoints of mechanics, the mechanical properties of single actin filaments have 3 
dependency on the protein structure of microfilaments. As a porous structure, the microfilament 4 
networks consist of abundant randomly distributed protein fibres that are dynamically connected by 5 
specific crosslinkers, e.g. fascin and ARP2/3[12]. Since the mechanics of microfilaments is difficult 6 
to be generalized, molecular level analysis should be conducted to understand the dynamical 7 
response of living cells during mechanical loadings.  8 
Molecular Dynamics (MD) description of living systems in terms of physics and chemistry were 9 
studied for decades with many successful applications accomplished [13]. Ben-Avraham studied 10 
single actin filament’s dynamics behaviour and theoretically evaluated the stiffness by Normal 11 
Mode Analysis (NMA), which, however, uses data from single actin filament stretching 12 
experiments as input [14]. Holmes and Oda independently proposed the atomic structure of G-actin 13 
and the assembling nature from globular actin to actin filament. With the high resolution atomic 14 
configuration of a single actin filament discovered recently and highly developed computing power, 15 
MD simulation was executed on an actin filament protein fibber, and the structural properties are 16 
estimated from the simulations [15].  17 
Multiscale approaches provide a view of the essential physical basis to allow an understanding of 18 
biomechanics and mechanobiology of microfilament networks from atomic level biophysics 19 
analysis [16, 17]. MD simulation can provide the molecular mechanisms of various biophysical 20 
phenomena[13].  Due to the limitation of computer power, Coarse-Grained (CG) level investigation 21 
abstracted from all-atom MD simulations is necessary to unravel the biological complexity from the 22 
physical basis[18]. Previous modelling works have proposed different CG models for single F-actin 23 
modelling based on structural features of G-actin by thermal dynamics matching methods[19, 20]. 24 
Shimada et al. introduced a serial linear spring model for F-actin dynamics based on the Brownian 25 
dynamics method[21]. Ji and Feng proposed a CG model for dynamics simulation of microtubules 26 
[22]. Based on the mechanical and physical simulation of actin filaments, a coarse-grained 27 
modelling strategy were specifically designed to study the mechanical performances of 28 
microfilament networks at microscale, which is based on the nanoscale biophysical simulations[9].  29 
Herein, we discuss the mechanical properties of microfilament networks, from single protein fibre 30 
of actin to complex networks structures and from nanoscale molecules to microscale networks. 31 
Nanoscale molecular mechanisms of the filament deformation 32 
We have introduced the mechanical models of microfilament networks and also the microscale 33 
structure changes during the mechanical loading. Herein, we talk about the molecular level changes 34 
of F-actin configuration during mechanical loading. We have used all atom MD simulation to 35 
capture the mechanical responses of single F-actin by analysing its vibration behaviours[23].  36 
Mechanical loading is applied on a single F-actin to obtain the bending deformation, and then 37 
release the mechanical loading. The single F-actin will behave as free vibration. We analysed the 38 
root mean square deviation (RSMD) of the whole structure as the energy output to understand the 39 
vibration modes of single F-actin. Based on the vibration modes from the simulation, the elastic 40 
modulus of single microfilaments can be evaluated as around 2GPa, which is close to the 41 
aforementioned experimental characterizations. This numerical simulation validated the capability 42 
of molecular dynamics simulations in capturing the mechanical performances of single 43 
microfilaments. By adopting steered MD simulation method, the interactions between neighbouring 44 
G-actin clusters can be characterized and summarized as the potential energy table needed for CG 45 
modelling method. We have observed both stiffening and softening phenomena on a single 46 
 
 
 
microfilament based on the molecular level biophysical simulations[9]. By adopting this simulation 1 
strategy, the nonlinear mechanical performances of microfilament networks can be predicted. 2 
Mechanical models of F-actin and microfilament networks 3 
The mechanical properties of single F-actin filament have been tested by various methods. Herein, 4 
we provide the testing results of Young’s modulus as an essential characteristic that reflects the 5 
stiffness of single actin filaments. The experimental evaluations are shown in table 1. The area of 6 
the cross section of actin fibre is 50nm
2
. 7 
Table 1 The modulus evaluation of F-actin from different experiments 8 
Authors Method Modulus 
Huxley et al[24] X-ray diffraction 2.5 GPa 
Kojima, et al[5] Micro needle 1.8 Gpa 
Liu, et al[7] Micro cantilever 1.7 Gpa 
The testing results are close to each other, which convinces the mechanical stiffness of single actin 9 
filaments in living cells. However, the diameter of actin filament cross section is at nanoscale, 10 
which makes the persistence length of single microfilaments less than one micrometre[25]. 11 
However, the size of a whole eukaryotic cell can be up to 100 micrometres, which means single 12 
actin filaments in living cells are semiflexible. Hence, the high stiffness of single filament cannot 13 
directly represent the stiffness of the whole cell.  14 
Based on highly developed experimental technologies, the mechanical properties of microfilament 15 
networks in living cells can be directly characterized, and the stiffness is much lower than the 16 
stiffness of single microfilaments[26]. Corresponding stiffening and softening happens during the 17 
external loading on the microfilament networks. Herein, we argue that, this softening comes from 18 
both material properties of actin filaments and the structure reorganization of microfilament 19 
networks at microscale. The stiffness of living cells needs to be mediated to meet the biological 20 
requirements[27]. Take the mechanical properties of filopodia as an example. By utilizing the CG 21 
model proposed[9], we have studied the stiffness and vibration characteristics of filopodia 22 
protrusion. Filopodia is an important cellular structure which initiates the migration of living cells. 23 
The mechanical stability is significant to health cell migration. Fig. 1 provides the stiffness a 24 
filopodia protrusion with respect to fascin concentration at microscale. Fascin is a crosslinker 25 
protein on microfilament networks which connects individual microfilaments to form a 26 
mechanically strong bundle, which is positive to the migration of living cells. It can be seen that, the 27 
stiffness of filopodia increases as the fascin concentration factor α increases.  28 
 29 
Fig. 1. The stiffness of filopodial protrusion regarding fascin concentration 30 
 
 
 
However, the high stiffness of living cells is not positive to the biological activities all the time. One 1 
typical example is the stiffness of tumour cells. The stiffness of cancer cells is usually higher than 2 
health cells. The stiffness of living cells has dependency on the chemical component of 3 
cytoskeleton. The invasion of cancer cells benefits from the higher stiffness of single cells. 4 
However, the molecular mechanisms underlying these biological phenomena are still cryptic.  5 
Microscale structural characteristics of microfilament networks  6 
As introduced in above sections, the mechanical properties of living cells are cryptic and cannot be 7 
explained by the statics of microfilament networks only. Hence, we focus on the structure of 8 
microfilament networks to understand the contribution of structural changes to the mechanics of 9 
microfilament networks in association to the mechanics of single microfilaments. Initially, we used 10 
finite element method to model the mechanical response of microfilament networks with differently 11 
oriented microfilaments[8].  It can be found that, differently arranged microfilaments can lead to 12 
different stiffness of the networks. Lamellipodia and filopodia are two typical cellular structures in 13 
cell migration and spreading. Recently, we used CG modelling strategy to understand the relaxation 14 
of stress on microfilament networks. With the assistance of crosslinker proteins, such as fascin and 15 
ARP2/3, the randomly connected microfilament networks present semiflexible configuration 16 
instead of straight filaments on the networks, which can be seen from Fig.2.  17 
 18 
Fig. 2. 3D configuration of microfilament networks (red) with crosslinkers (green) 19 
We have used CG molecular dynamics modelling to capture the stress profile during the 20 
compression, and the results are given in Fig. 3a. Different loading rates are applied on the same 21 
networks, which would lead to different stiffness of the structure. It should be noted that, the 22 
crosslinkers in this model is of a mechanical dominating unbinding mechanism: when the length of 23 
this crosslinker is over 100nm, the crosslinker will unbind from the networks. The potential energy 24 
of microfilaments and crosslinkers are separately summarized to understand the contribution of 25 
cross-linkage to the general mechanical performances of microfilament networks structures. Due to 26 
the page limit, we only provide the results of the smallest loading strain rate and the corresponding 27 
results can be found in Fig.3b.  28 
 29 
Fig. 3. a, Stress relaxation during the compression of microfilament networks. b, The potential 30 
energy carried by microfilament networks and crosslinkers 31 
 
 
 
It can be seen that, the potential energy on both microfilament and crosslinkers was released, 1 
resulting in the stress relaxation of the material. The potential energy carried by crosslinkers can 2 
directly reflect the configuration of crosslinkers on the networks. It is arguable that, the stress 3 
relaxation is a result of the combination of the configuration changes from both microfilaments and 4 
the crosslinkers.  5 
Conclusion 6 
The microfilaments are cryptic cellular structures that are involved in complex cellular activities. 7 
The understandings of mechanical properties of microfilament networks are essential to the 8 
understanding of the cell performance under fundamental mechanical signals. We have analysed the 9 
mechanical properties of microfilament at different levels from nanoscale to microscale. The 10 
mechanical properties have dependency on both the networks structures and the material behaviour 11 
of F-actin. Based on the information provided in this paper, a multiscale modelling framework 12 
which can consider both static and dynamic characteristics of microfilament networks needs to be 13 
developed to model complex cellular activates.  14 
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